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.Temperature control of spacecraft depends on well- 
known principies of heat transfer, and it might 
appear that space vehide thermal design s'nodd be 
a complctely sir3iahtfonvrrd process. But :he vari- 
.ety and complexity of s jacecdt ,  ihe difiitulties in 
accurate experimental verification, and uncertainties 

.in energy transfer b e v e e n  surface-111 these aiong 

Face properties-cali for imaginative design judg- 
ment and advances in many supporiicg technol- 
ogies. 

The first gei1era:ion of American earth sate!!ites 
were small, highly syinmetrid in shape, simple in 

,Tempeia:ure control was based primarily on the use 
of surface coatings and finishes that wou!d provide 
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the required balance between energy received 
(mainly i;om sunlight) and e n e r n  reradiated to 
space in about the same way that the earth's tern- 
peratuie is msintained. 
. The feasibility of \pzec ra f t  temperature canirol 
could be seen in the fact that the surface tempeta- 
twes of an old satellite of the sun-the earth- 
remain within the fairiy narrow range of about 4 0  

'to 40 C. with the mean clo;c ta 14 C. The earth 

- 

_ -__  . . - 
points. in dditio:1, the sateilite can reccivc encri:y 
from the earth's ,surface in the form of ernittcd 
radiiiEion j n c i  :efle:tcd sunlight. li a spaci.cri1ii 

.probes towzrct the pianei;, thc solar iaic:>.:;iT *viC 
'.vary'as the iriver5.e s;juare of distmce. ;\nd C:niIiy, 
the satellite does not carry with i t  its own airnos- 
phere to :educe hcai loss io space a d  :G provide 
proiection front' ene;gc:ic particles, L;!t:aviolet ra- 
diation, micrornettoroites, or o;he: effects d the 
space environment which are harmful io cuter ia ls.  

spacecrafi was ph i i ive .  Rnaly:ical tools were un- 
.developed and little \vas known abotit thc magni- 
tude of spacr. efiects or what ivoljld happen to sur- 
face materiais used for iempeia:ure contro!. Ttst 
equipmefit for simuiaiir;g the solar-space environ- 
mgnt to veriiy a thermal design was virtuaily non- 
existent. Fortunately, ow knowtedgc? of radiaiion 
from t1:e sun and the earth and o:ir instrumentation 
for determjping the absorptivit)l and em;ssivi:y of 
materiais w2re sufiicientiy accu:a:e for t h e r m !  .dc- 
sign requirei-iients at that time. 

Vanguards 1 and 2, for examp!e, WWC sphe:icai 
.sheil; surrounding a &ail in:erna,l canki2r which 
housed the eiectronics. Whiie a tempcm:u:e grndi- 
eat  couid exisi on the jun'ace ~i ihc 5phe;ical she!! 
'(far about the same reason that trmpe:aiti:e varies 
with latitude over :he earth's siiitnci.), i t  WZS EX-  

betted that the inne: package, isoiaied from :hc 

The techno!rsgy fpr temperature contioi c.. 

abso:bs an average .of nearly two-Cnirds of the in-. ~ 

d e n t  Sunlight and radiates the 5ame ainount of 
energy.' Although h e  earth's atmosphere reduces . 
.the rxe at wh ch heat is reruined tv space, the 

shdl, woilid attain a ten:pe:atu:e CiGse to !he 
mean trmpcratirrc of h hrii. Ti-& mear, ~empeiz- 
,u.e would depend on the ave:age e n G g  absorbci: 
f rom the sun and mr;h dur:ng each orbit. And t!T;s 

* .  ' 

.-- ;,nd itz a:nojphcie, together, are in 
b:idm Wiih ihe siln's radlation. 

The heat :&we is somewhat different foi an 
artificial sat~4ile, oi course. The  earth is# near!!! 
spherical an61 spins ori an axis which i s  23'!z de;: : 

moreover, thc eneigy from the warm interior of ihc 
earth does rloi ccnttibute significantly to the tern- .-! 
perzturf of Is suriace. An artificial satellite may Or 
may Got be :;]$-mica! and it n a y  or may not spin. 
If i t  does spia, the orientation of the spin axis may 
fiat be iixei ichli*/.e to the ecliptic plane. The tem- 
peratuie oi I\ ;tilaces may be significantly affected 

the earth may be totally eclipsed for periods long 

enerzy wodd clia!:ge only 2s :+e ~G,IL;CG of :hc 
orbit reiativc IO !he 5un and earth varied ,iowly ii '\i 
by day. Bxausc of the s?heriiai shape, the ab- 
sorbed energy would not change w i k  i!X orienra- 

-I from being pe:2cndicular to tile orbital p!a.ne; ---- 
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I , enough, and wiin sgfiicient frequency, to cause 
f - - .cuh<tantial chanQes in temperatP!eseven-lt" integipf __ 
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The ' v t ! y  E:;;:lorers, on the other hand, were 
cyiind i%:d i t  -hiis aniicipatcd that the abso:hed% 
energ! .: 1 v.:ry with both the at:itude the 
spin i 8 rq! position of the orbital plane. TIT 
possib \ .  rinitkns ~i temperature coii!d have a!>- 
p:oaci o r  cxeeded the temperatwe LxZs of 
critical <.  mponenfi. One of the conciusions 
dr;un r-'in Exp!oier 1 temperature data W:S t ha t  ~ 

ihe usc P' coating; tor passive tsrnpeia:ure cont:oi 
was 1iqi.ted to a.~p!ications where there wasn'i too 
nbch i 51 \wh:ion ic ab~orb2d solar energy. The 
s01u:io. was to rrptiici t'nc time of day oi kuncfi 
so t k !  ;Lie in i t id  o:;entation 2nd subsequent 
change; wouid be known and :hemal coating pat- 
terns coc:ici be deteiniincd according!y. 

Spar;.ciait tme since grown in size, weight and 
comp!exiiy, and :he drversity of current space nis- 
sions has given rise to a v;:,ety of zhcm'a! control 
s\jtt?nli. T!iese have in common the aim of mcdiiy- 
117g the hest tranbfer to and from each spacecrafi 
eiemcn: so thai i t s  aiiowabie :ernperztu:e r a g e  
will not be citcccdrd during :he entire life of the 
m'.., , i,,,cn To achieve this :he key init ial des:gn 
techn;c.iz ;s to create a iheimai mode: oi the 
spacec*-J 't. This mode! is 8 mathematical representa- 
:ion. o' tiie prccess of sateiiite ihermai energy 

fhc rist siep k to sdA:vido the spacecraft in:o 
s rn~ l ;  -irherrn~! dements, thiw aicurateiy d.2- 
scribc I;e iwa: bcis:m? io; c x h  of the elements. 

el's Pxpwicnct? 2nd ;udgm*ili are used 
!iL elw:enis n-.?dec! to obtain the 2c- 

cursc) < , L i  e-: .~j to minimize enginceiing mci 
i ~ m p ~  . I:T e. 'rl) aSS\Si in ' detaiiea :iie:n,af 
ana!ysi :)I s;a:c,:r:k tJ,v$::ns, extensive usc is msde 

high sgecd d,z:rii; coixncters suck. as :he 
A v s l e p  of b a x  programs have Secn 

wri::en ic periorrr, m;,nv cs!c:ilii:iofis that w ~ i d  
be iRlp:i.c:icai or ii>ipasslbie to do by lisnd. 

,!iew are, :~p,cciiy, two n ioda  oi energy ir3n.s- 
fe>r-c<,i1iaciic.i> 'snd iJC!iLl;on. f he  heat trans- 
ieried from ar: ele,:lcnt to an adjacent el:mc?n: 
through miid n;;.tc-riaf is GmpI\. a function of l i -  
me!is;on and ~hcrrnai coiiductiv,ry, b ~ :  cond~ct:on 
;Lcrosj a join1 in a vacuun-a environment i s  <I ?DOi:Y 
cnciersiood prace5s. At ih;? prrscni iime, when 
c;uanti:;jt.;;e data are essential for <iie:mal design. 
ii i s  necessary to cirrive rhesi. data from tess on 
ac:u;! hardware. 

there is :adiation from external sources such 3 5  

the sun, carih, Gther placets aiid the moon. Second, 
:hers are ' ;he radiation exchanges between the 
elements of the sateiiiie itseh'. These radiaiion 
sources contribute in distinct ways 'to the energy 
b a h c e  because of +wir iiifierent intensities anti 
ddferqncc in spectra! conient. The spectral dkt:i- 
bution of energy is important becailse- marerials 
abso:b taciatio:: differently ir. difierent wavelengLq 
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The ';aciiatio~ irmsfcr is oi wwo c!asses. First, , 

regions. - - I .- 
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In czrrying out practical ihermal control designs 
for spacecrdt, we use passive o i  active techniques, 
or 50:h. The thermal design Is large!y dependen: 
on the spacecraft's mission. Passive control, using 

.coatings o i  various types, has teen used primariiy 
for small spacecraft either in near-earth orbits or 
for probes which remain approxhaicly 1 AL: (the 
mean distance between ihe earth and sucl from 
the? s ~ n .  Passive temperature control 'i inherently 
ie!iab!e since no n?G\hg parts are rtqrired, and 
it adds the !east additiona! weight. Tl;c.!i~ ~ V J O  ad- 
vantages are easily understood by pioject mana- 
gers bccause minimum weight asd hi 
x e  m o n g  the most desired fearures of 2 sp3ce- 
craft design. , 

T h  disadvantages . a ~ c  apparent to 1 # .ma!  de- 
signers but are jess wetCunderstcod b ,  -!:>ers. Tile 
basic limitation -'of passive tempe:a:u- canaol i s  
thsr once :he spacecraft is in orbit tile tempera- 
icre is  determined solely by the enerp baknce. 
iypica!ly, eneigy balance changes with lime and a 
correspcinding range of temperatures is experie~ced. 
hssive'design attemps to place this rsnge in an 
a!lowable region. The width- oi the averdge iem- 
pe:a!ure range will depend on the extent of change 
i!: inierfial heai dissipation and in a number of 
o:biia! characteristics, inciuding: the fraction of the 
orbita! period in sun!ight; effective cross section 
2rea of the sateiike for solar radiation; incident 
pli.netary radiation; and distance between tke e3r:h~ 
and sun. For a spherical satellite in a i?eJr-ea:Lin 
@a: orbit, ihe avenge 1emperaiu:e wcuid lis 

w i 5 h  a band about &C in widih. For a cube !n 

' 
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2 similar orbit, th& &ect of die changi!:g cross - 
section for solar radiatipn would increase h e  ten-  
pemture bandwidth to q.3 C-' ----_____ 
tuies. In .  addition, there wou!d be temperatuie 
g r a d h i s  on external surfaces and to a lesser extent 
anong .interior paris. Therefore, 't0ia1 temperature 
chankes and uncer:ainties would be greiicr than 
those cited above. There are other unce:taii:iicq, 
too. Measurements of solar absorptance and emit- 
tance of thermal coatings may be In exor, qos!ity 
control in application of the coatings may vary, ar.d 
coatings may be degraded by preflight handling, 
during launci: and by :he space environment. Fur- 
thermore, there are iikeiy to be errors and approxi- 
mations in the design analysis. What iuppcns in 
practice is that the designer is often not conzerva- 
tive enough in his estimates; he may undcresthate 
the wror tolerances, widen :he temper-ature limits, 
and not sufiicientfy. restrict the riinge of expectccd 

dicted temperature variations which amroach or 

. 
--.----._- 

Thus far we haw iaiked about average tempway--- -\ 
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o:bits or attitudes. As a result, he is faced with pre- _I--_ - - 
. . 

exceed specified temperature - .  . limits. ___ ~ -.. ~ - - 

AnGXher mission r?qui;ing aC!iv? :?mpe:atJre 
coniroi is !hat of the Orbiting Ceop!iySc:ai Obscrva- 
:or&, such 9s OGO-1, which may b i t  USC':~ i i !  J 

variety of orbits, ranging from neaiiy ci:cdar orhits 
a few iiundred n i k s  above :lie e;:!;? to highfy 
eilipticai orbits (approximateiy 200 ;.nl:cs perigee 
and 70,GOC miles apogeej. The bxic  S?xecrak de- 
sign s:rtictu:e. is essentially a "baxc;?t.~' that  \vi:! 
admit a wide variety of experimerit packn:es :a be 
mounted in the spacecraft, o: on h x n s  and j 2 r  
paddles. Since the sateiiite is intend::! !.:I scrve-3~ 

,an insirumeniation pla:iorm for ex; 
cannot be anticipated during sp3ce 
active confro! of the iixperiment p a r : . . : . ~ ~  i j  aiai:- ' .  
datory. 
, Active temperature control may ais<; bc r q i l i r u u  
fofr a 'component part of a subsyjteilt w ( h  ufiiljti.ii; 

. .  
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temperature 1imi:s. For example, to nuintain the 
stabiib freyuency of 3n osciiidio:, temperatllre con- 
trol io \vitbin ii frac::on a' a degree may ba neces- 
sary. Similar control af temperature g:adie:ts in a 
telescope niay be rcqCrii.:d to prevent misa! gnrnent 
of :he. optics. 0:hei ccmponmls may have t m -  
pentdre iimis substantially diffe:ent from the 
usual limits fcir baireiies and electronic compo- 
nent.. The divcrse and narrow-range temperattire 
requirements for two components of the rubidium- 
viipor magnetometer aboard the IMP-1 scliellite weie 
typics!..'the magneiome:er's gas ceil requi:ed tem- 
perature h i t s  of 37 tG 47 C, and. is ;amp rcquired 
106 :O 230 C, while the spacecrait's fluxgate mag- 
netoneier could toierste a range of -50 to 50 C 
and the  electronic cards 0 :o 35 C. 

Since e1ec:ric power is ratior.ed on a priority 
basis, :he rlse of elecaic heaters is generally limited 
to smrJl components. Passive control i s  used to in- 
sure !hat without heatei power the nominal ten-  
perature desired would not be  exceeded under any 
possib!e orbital conditloo. Heaters are turned on 
when tcmperature c1:ops below a specified leve! and 
tilfn'ed off at 2 higher level. Sirnpie ons f f  controls 
such as :hermostais are gene:aily preferred. Insula- 
tions, such as iighiwcight muitilayer aluminized 
Mylar bl.knke:s, are used to minimize power reqdire- 
menrs. . 

Tempe:a:ure contioi by ad;usiab!e Iouvers is es- 
sentially a matter, used by OCO-1 and Nimbus 1, 
of changing externai surface propsities. (Pegasus 
uses !ouvcrs for regulating heat transfer iton the 
spacecraf: to the cool rocket casing which remains 
aitached to the craft.) One use of 1ouve:s is  to 
locate then  on surfaces h i  are atways shaded from 
direct scmlight. The iouvers may be insu!ated or 
coated with a low emittance surface, such as evap- 
oraied aluminum, 5 0  ihai in a closed pos;tior: theii 
heat !CSS 10 space is minimized. Eehind the !ou\*eis 
is a s~irface of high emi:tance, usuaiiy white pii.int. 
As temperature of the spacecraft rises, the !odvr?r; 
are mxic  to open gradually and increase :he heat 
losses io space by aiiowiog some of the rxSation 

' from white ptate to eswpe. Temperatures may 
be ser..;ed by bimetaiiic springs directlymounted tG 

f*:s or by vaiious other methods. ?he e fec t  
oi  thr io.ivets a n  be maximized by insu!:ting other 

, 1 
i 
; 

. .  

- 
! suriacSs of :he spacecraft. -dr 

t .  . -Thr:e ~ r e  probIen:s with iouvei systems, oi cou:sz ' * .  -pariicLlar:y ihosc connected with vibration le\& 
' durln,: fzilnch, .caitbrat;on, bearings, added weight ,.I' 

The tcchiiique of active control using variab!;' 

to the scncccrai:, and !a& of data on the efiect of 
incidcw sunlight on louve: suriaces. 

intern Ii conduction is sna!ogous to the use of elec- 
tric h.*::ws except :hjt ihe waste heat of electron- 
ics is wi p!q,-ci ins:esd, along with required thei- 
n:omLt i: miwi terhiicjucs. I'hcrmal coatings dre 
used :O passively maintain shel! remperatsres below 
the ntmina! opclrating tempersture range for the in- 
ierna! compart:nent. The interior compartment i s  
carefuily insuiated from the shell to minimize heal 
transfer from the electronics to the shell except by 
cor;trol!cd conduction and radiation paths. Thus, a 
gradimt is established to maintain the inteiior tem- 

, 
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Future impr0vcn;enis may he expected ro occti: 
in al! aspec 1s of-spacecraft tl:crma! design. Ana lys i s  

. wi!i become more acc:i:a!e with the availabiiify of 
conputers imvin;: inrger siorase- cap.a,city and, thus 
iible .to' hsndie more dctai!e!d .studies. In pasbive 
thermal C P ~ ; : : ~ ! ,  organic &nil inorganic coatings'wicq, 

y mder ukraviolet radiqtion wii! be 
6 50 i4tifl better procedures for pro- 
s ii0:r. gio::nd a d  launch contamir?z- 

tion. ?!le '?(:.:tf: of charged particles on coatiags 
tviii be be; 2.); iji--dc:q~~d. 

Refincn-:c~:t cf i;<ooratw! tecl-zkpes ior the 
rneasurem& r~:~ oi sclar absorptance and thermal 
emitimce will. continue. Czireiul measuqmer,ts oi 
these propcrtics in space wiii p:ovide direct cvi- 
dcnce of rhi. accuracy of mcastirements and of th& 
changes in the orbital envi:on;?>ent. Studies of the 

erasi conduc;ance across boundaries 
wi!! reducri :i.<? i:nce;:ain:y in :his psramete:. Sir& 
iaily, impr;i:<.exien;s in the iechniqze 0:' solat simu- 
!ation Wil! i3iat ace greater uniiormi3 OW: the 
iiiominatet! arca; impfovencnt in spectral match 
>vi:! corr,e & d y ,  based on imprcved arc sources of 
radiant ent:rgy, and techniques using optical ii!te:s. 

1nteresii:lZ possibifitks for automatic :emperatme 
ieguia:ion nx; corne f s m  maicriais deve!op;nent 
as a result oi ~ u d i e s  in physical chemistry and solid- 
staie physics. One possibi!ity lies in nateri;!s w h ~ ~  
emittance increases wiih temperature, such as a x -  
row-bmd 3bsorSe:s and bad-edge-shift rnaterizis. ' 
The increase may be conceived a occurring either 
as a result of s stions absorpiion (or emission) band 
in the idrared region or a shlit in the 2bsG:ptiOil 
edge with :ixxixrat;re. 

For the narrow band aosorbc: rhe bjnd width 
.and iis location are se!ected for ihs desired ope:at: 
iqg :empcr;ture range. Siiicon oxide, for exanpls, 
has a strong sbsorptbn band bt?iWeeC & and 10 
microns. Ir can be shown that this band produces 
:oli&ly a 5 percent increase in emittance in the re- 
gion from 0 to 60 C. in general, this effect is likely 
to be fairly smsii, perhap attaining a 23 pe:ceni 
change in emiitance under ideal. conditions. AS a 
.,~s.i,t, F? 1 I it m;y be iiseful only as a supplementary 
technique. 

The al%mate method of a shlir in the band edge 
is iilus:ratud by !he behavior of indium antimonide, 
.!&. As the tenipera:ure of !nSb increases, the spec- 
tra! region in wl-ich a 'nigh enktance is observed 
.si;iits reversit3jy to inciude ionger wavelengths. ?%is. 
shif t  weans t!-,at thermal emittance or' this su r face  
.increases. Tlwore:ic;liy, large changes in emittance 
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